Host resistance is the most widely explored strategy for eliminating aflatoxin contamination by Aspergillus flavus. Breeding strategies for developing resistant corn germplasm have been enhanced by the development of new screening tools for field inoculation and for laboratory screening. RFLP analysis of corn populations has highlighted the possibility that different resistance traits can be successfully pyramided into agronomically useful germplasm, while proteomics has impacted the identification of proteins associated with resistance (RAPs). The identification of RAPs has also been enhanced by the discovery of near-isogenic corn lines in progeny generated in a West African breeding program. The characterization of genes of the aflatoxin biosynthetic pathway has provided a foundation for a genomics investigation aimed at understanding the biochemical function and genetic regulation of aflatoxin biosynthesis. Successful inhibition of aflatoxin elaboration may require not only the action of antifungal compounds, but of compounds that block biosynthesis of toxins as well.
INTRODUCTION
Aflatoxins, the highly toxic and carcinogenic secondary metabolites of Aspergillus flavus and A. parasiticus, are the most widely investigated of all the mycotoxins. This is due to their role in establishing the significance of mycotoxins in animal diseases (Wyllie and Morehouse, . E-mail: rbrown@srrc.ars.usda.gov.
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1978). Presently, more than 50 countries have established or proposed regulations for controlling aflatoxins in foods and feeds (Haumann, 1995) ; the U.S. Food and Drug Administration (FDA) has limits of 20 ppb, total aflatoxins, on interstate commerce of food and feed, and 0.5 ppb of aflatoxin B 1 on the sale of milk. However, many countries, especially in the developing world, experience contamination of domestic-grown commodities to alarmingly greater degrees than does the U.S. A recent study revealed a strong association between exposure to aflatoxin in West African children and both stunting (a reflection of chronic malnutrition) and being underweight (a reflection of acute malnutrition) (Gong et al., 2002) . Afr. J. Biotechnol.
The need to control contamination of food and feed grains by aflatoxins is greatly recognized, and preharvest prevention, especially through host resistance, is probably the best and most widely explored strategy. A. flavus infects all affected crops prior to harvest (Lillehoj, 1987) . Reliance upon good cultural and management practices, when possible, can, at times, reduce preharvest aflatoxin contamination, but not eliminate it. In addition, even the best management practices are sometimes negated by biotic and abiotic factors that are hard to control and by extremes in environmental conditions.
The preeminence of the host resistance strategy is also due to several recent research advances, such as the identification of resistant genotypes in corn through plant breeding. There is, however, an urgent need to optimize the host resistance strategy for controlling aflatoxin contamination by employing state-of-the-art technologies currently available. The present review highlights recently published and high-impact research involving biotechnological approaches that have been accomplished and that enhances a host plant resistance strategy for controlling aflatoxin contamination.
PREVENTION OF CONTAMINATION IN CORN THROUGH ENHANCEMENT OF HOST RESISTANCE
By far, most studies aimed at incorporation of antifungal resistance against mycotoxigenic fungi have been applied toward improvement of resistance against preharvest aflatoxin contamination in corn (reviewed in Cleveland et al., 2003) . With corn, the strategy of enhancing host resistance to aflatoxin contamination through breeding has gained prominence because of: 1) the successful identification of germplasm resistant to aflatoxin contamination, and 2) the significant advances in the identification of natural resistance mechanisms and traits (Brown et al., 1999; Cleveland et al., 2003) . However, these investigations indicated that resistance to aflatoxin contamination involves multiple chromosome regions and several genes . Therefore, attempts to select for resistance traits in the development of commercial corn varieties, while maintaining desirable agronomic characteristics, have been slowed due to a failure to identify expressed genes and proteins involved in resistance. This is especially needed since resistance, thus far identified, is in poor genetic backgrounds. Therefore, research is needed to elucidate the biochemical mechanisms that confer resistance in corn kernels that are vulnerable to aflatoxin contamination. These resistance mechanisms could then be used to enhance germplasm through marker-assisted breeding and/or genetic engineering (reviewed in Brown et al., 1999) . Gaining an understanding of the natural resistance mechanisms in corn could serve as "nature's lesson" about the specific requirements for seed-based resistance against fungal attack.
Development of aflatoxin-resistance screening tools
Several screening tools have been developed and used to facilitate corn breeding for developing germplasm resistant to fungal growth and/or aflatoxin contamination (King and Scott, 1982) . Inoculation methods employed with corn include the pinbar inoculation technique (for inoculating kernels through husks with A. flavus conidia), the silk inoculation technique, and infesting corn ears with insect larvae infected with A. flavus conidia (King and Scott, 1982; Tucker et al., 1986) . Two resistant inbreds (Mp420 and Mp313E) (Scott and Zummo, 1988; Windham and Williams, 1998) were discovered and tested in field trials at different locations, using the pin-bar technique, and released as sources of resistant germplasm.
A rapid laboratory kernel screening assay (KSA) was developed and used to study resistance to aflatoxin production in mature kernels and to preliminarily screen/rank corn lines for resistance to aflatoxin accumulation. (reviewed in Brown et al., 1999) . The results of these studies indicate the presence of two levels of resistance: at the pericarp and at the subpericarp level. The subpericarp level of resistance was shown to require a viable embryo (Brown et al.,1999) . The KSA has advantages over traditional field screening techniques, mainly because of the rapidity of the assay. However, field trials are irreplaceable for confirmation of resistance.
Recently, the KSA was improved by including a method to quantify fungal biomass using the β-glucuronidase (GUS) or green fluorescent protein (GFP) (Du et al., 1999; Windham and Williams, 1998; Windham et al., 1999) reporter gene-containing A. flavus tester strains. A. flavus tester strains were genetically engineered with a gene construct consisting of the GUS reporter gene linked to an A. flavus β-tubulin gene promoter for monitoring fungal growth (reviewed in Brown et al., 1999) or with the reporter gene linked to an aflatoxin biosynthetic pathway gene which could also provide a quick and economical way to indirectly measure aflatoxin levels (Payne, 1997; Brown-Jenco et al., 1998; Brown et al., 2003) . Thus, it is now possible to accurately assess fungal infection levels and to predict the corresponding aflatoxin levels in the same kernels, as a result of fungal infection. Using this approach, it is also possible to determine whether kernel resistance mechanisms are affecting fungal growth or aflatoxin biosynthesis.
Plant breeding strategies for enhancing host resistance to aflatoxigenic fungi
The KSA confirmed sources of resistance among 31 inbreds tested in Illinois field trials (Brown et al., 1999; Campbell and White, 1995) . Several resistant inbreds among the 31 tested in Illinois and highlighted through the KSA, have been incorporated into an aflatoxinresistance breeding program whose major objective is to improve elite Midwestern corn lines such as B73 and Mo17. In this program, the inheritance of resistance of inbreds in crosses with B73 and/or Mo17 was determined (White et al., , 1998 Hamblin and White, 2000; Walker and White, 2001) , and in the case of several highly resistant inbreds, genetic dominance was indicated.
Chromosome regions associated with resistance to A. flavus and inhibition of aflatoxin production in corn have been identified through Restriction Fragment Length Polymorphism (RFLP) analysis in three Illinois "resistant" lines (R001, LB31, and Tex6), after mapping populations were developed using B73 and/or Mo17 elite inbreds as the "susceptible" parents (White et al., , 1998 . In some cases, chromosomal regions were associated with resistance to Aspergillus ear rot and not aflatoxin inhibition, and vice versa, whereas other chromosomal regions were found to be associated with both traits. This suggests that these two traits may be at least partially under separate genetic control. Also, it was observed that variation can exist in the chromosomal regions associated with Aspergillus ear rot and aflatoxin inhibition in different mapping populations, suggesting the presence of different genes for resistance in the different identified resistant germplasm. RFLP technology may provide the basis for employing the strategy of pyramiding different types of resistances into commercially viable germplasm, while avoiding the introduction of undesirable traits.
Other breeding programs using this technology are attempting to pyramid insect and fungal resistance genes into commercial germplasm (Guo et al., 2000; Widstrom et al., 2003) .
The KSA was also used to screen corn inbreds that had been selected for ear rot resistance in West and Central Africa, for aflatoxin-resistance (Brown et al., 2001) . The large number of promising lines observed in these experiments provides the basis for a current collaborative effort between the International Institute of Tropical Agriculture (IITA) and USDA-ARS, New Orleans. The best African lines (as determined by the KSA) were crossed with U.S. aflatoxin-resistant lines at IITA, while in the U.S., resistance markers for progeny generated through these crosses are being identified and characterized (Brown et al., 2003b) . The goal is to develop aflatoxin-resistant, agronomically-superior germplasm for use in both West Africa and the U.S.
Identification of resistance-associated proteins (RAPs) in corn inhibitory to A. flavus growth/aflatoxin contamination
Developing resistance to fungal infection in wounded as well as intact kernels would go a long way toward solving the aflatoxin problem (Payne, 1992) . Studies demonstrating subpericarp (wounded-kernel) resistance Brown et al. 559 in corn kernels have led to research for identification of subpericarp resistance mechanisms. Examinations of kernel proteins of several genotypes revealed differences between genotypes resistant and susceptible to aflatoxin contamination . Imbibed susceptible kernels, for example, showed decreased aflatoxin levels and contained germination-induced ribosome inactivating protein (RIP) and zeamatin, both inhibiting A. flavus growth in vitro (Guo et al., 1997) . In another study, two kernel proteins, one 28 kDa and inhibitory to A. flavus growth, the other over 100 kDa in size and primarily inhibitory to toxin formation, were identified from a resistant corn inbred (Tex6) (Huang et al., 1997) . When a commercial corn hybrid was inoculated with aflatoxin and nonaflatoxin-producing strains of A. flavus at milk stage, one induced chitinase and one β-1,3-glucanase isoform was detected in maturing infected kernels, while another isoform was detected in maturing uninfected kernels (Ji et al., 2000) . An investigation of kernel protein profiles of 13 corn genotypes revealed a constitutively-expressed 14 kDa trypsin inhibitor protein (TI), present at relatively high concentrations in seven resistant corn lines, but at low concentrations or absent in six susceptible lines (Chen et al., 1998) .
The mode of action of TI against fungal growth may be partially due to its inhibition of fungalamylase, limiting A. flavus access to simple sugars (Chen et al., 1999b) required not only for fungal growth, but also for toxin production (Woloshuk et al., 1997) . TI also demonstrated antifungal activity against other mycotoxigenic species (Chen et al., 1999a) . The identification of these proteins and their corresponding genes may provide markers for plant breeders, and facilitate the introduction of antifungal genes through genetic engineering into other aflatoxin-susceptible crops such as cotton (Rajasekaran et al., 2000) .
Using proteomics to identify RAPs
To increase protein resolution and detection sensitivity by 10 to 20 fold and, thus, enhance ability to identify more RAPs, a proteomics approach was recently employed. Kernel proteins from several resistant and susceptible genotypes were compared using large format 2-D gel electrophoresis), and over a dozen such protein spots, either unique or 5-fold up-regulated in resistant lines, were identified, isolated from preparative 2-D gels and analyzed using ESI-MS/MS after in-gel digestion with trypsin (Chen et al., 2000 (Chen et al., , 2002 . These proteins can be grouped into three categories based on their peptide sequence homology: (1) storage proteins, such as globulins (GLB1, GLB2), and late embryogenesis abundant proteins (LEA3, LEA14); (2) stress-responsive proteins, such as aldose reductase (ALD), glyoxalase I (GLX1) and heat shock proteins, and (3) antifungal proteins, including TI.
No investigation has been conducted, thus far, to determine the possible direct involvement of stressrelated proteins in host fungal resistance. However, increased temperatures and drought, which often occur together, are major factors associated with aflatoxin contamination of corn kernels (Payne, 1998) . Possession of unique or of higher levels of hydrophilic storage or stress-related proteins, such as the aforementioned, may put resistant lines in an advantageous position over susceptible genotypes in the ability to synthesize proteins and defend against pathogens under stress conditions. Further studies including physiological and biochemical characterization, genetic mapping, plant transformation using RAP genes, RNAi gene silencing experiments (Brown et al., 2003b) and marker-assisted breeding should clarify the roles of stress-related RAPs in kernel resistance.
The screening of progeny generated in the IITA and USDA-ARS program identified potential near-isogenic lines from the same backcross differing significantly in aflatoxin accumulation (Table 1) , and proteome analysis of these lines is being conducted (Brown et al., 2003) . Investigating corn lines sharing close genetic backgrounds should enhance the identification of RAPs clearly without the confounding effects experienced with lines of diverse genetic backgrounds. Corn lines representing the fourth generation of lines (S4) from the original cross, generated through selfing and selecting for ear rot resistance and agronomic characteristics. Lines in bold print, #22 and #25, which differ significantly in aflatoxin accumulation, were selected for proteome analysis. S-C = susceptible control; U.S. = U.S. parent from original cross; R-C = resistant control.
Exploiting the aflatoxin biosynthetic pathway
The fully characterized aflatoxin biosynthetic pathway and gene cluster comprising genes that govern this pathway, including the key regulatory gene (aflR) , may provide a sound basis for studies of the efficacy and mode of action of putative pathway-blocking compounds (e.g. Tex6 100 kDa protein). Also, regulation of these genes during invasion of the plant host is being investigated using a genomics approach. This approach is based on the fact that certain plant-derived natural products apparently have regulatory effects on aflatoxin biosynthesis (as reviewed in Bhatnagar et al., 2001 ). Investigating A. flavus genomics is an innovative strategy for simultaneous analysis of the biochemical function and genetic regulation of aflatoxin biosynthesis (Yu et al., 2002 
CONCLUSIONS
Control of aflatoxin contamination of corn will likely be dependent upon the development and introduction into the commercial market, of germplasm, resistant to the growth of aflatoxigenic species, and/or biosynthesis of toxins by these species. The identification of chromosomal regions as well as proteins and their corresponding genes associated with resistance, and the subsequent confirmation of their role in resistance using biotechnological tools available such as RFLP analysis or RNAi should provide an efficient means for the development of this germplasm. Limiting the growth of aflatoxigenic fungi might at times not be enough to maintain aflatoxins at "acceptable" levels in corn crops. Therefore, the identification of compounds that block aflatoxin biosynthesis may represent the "magic bullet" needed to insure resistance. That the aflatoxin biosynthetic pathway and the gene cluster comprising genes that govern this pathway have been characterized, should provide a sound basis for experimentation in testing putative pathway-blocking compounds. Thus, the identification of resistance traits in corn can, through marker-assisted breeding, facilitate a more rapid development of resistant, commercially-useful germplasm. Genetic engineering provides a tool especially useful in testing gene functions, either using conventional gene constructs or RNAi constructs. It also provides a means of enhancing the resistance of other aflatoxin-susceptible species.
